Pathways depending on the NF-jB transcription factor are essential components of cellular response to stress. Plethora of stimuli modulating NF-jB includes inflammatory signals, ultraviolet radiation (UV) and reactive oxygen species (ROS), yet interference between different factors affecting NF-jB remains relatively understudied. Here, we aim to characterize the influence of UV radiation on TNF-a-induced activity of the NF-jB pathway. We document inhibition of TNF-a-induced activation of NF-jB and subsequent suppression of NF-jB-regulated genes in cells exposed to UV-C several hours before TNF-a stimulation. Accumulation of ROS and subsequent activation of NRF2, p53, AP-1 and NF-jB-dependent pathways, with downstream activation of antioxidant mechanisms (e.g., SOD2 and HMOX1 expression), is observed in the UV-treated cells. Moreover, NF-jB inhibition is not observed if generation of UV-induced ROS is suppressed by chemical antioxidants. It is noteworthy that stimulation with TNF-a also generates a wave of ROS, which is suppressed in cells pre-treated by UV. We postulate that irradiation with UV-C activates antioxidant mechanisms, which in turn affect ROS-mediated activation of NF-jB by TNF-a. Considering a potential cross talk between p53 and NF-jB, we additionally compare observed effects in p53-proficient and p53-deficient cells and find the UV-mediated suppression of TNF-a-activated NF-jB in both types of cells.
Introduction
Mammalian cells are constantly exposed to a range of detrimental conditions, which induce stress responses involving different gene expression networks. NF-jB transcription factor is a prominent stress-related factor that regulates expression of a large number of genes involved in cell cycle arrest, DNA repair, apoptosis, immune response and inflammation (Perkins 2007) . NF-jB is the collective name for homo-and heterodimers formed by the NF-jB/Rel family members, which in mammals consists of five proteins: RelA (p65), RelB, c-Rel, NF-jB1 (p50/p105) and NFjB2 (p52/p100). In resting cells, the NF-jB transcription factors are sequestered in the cytoplasm by association with the members of the IjB protein family (Gilmore 2006) . Depending on the stimulation, cell type and cellular context, NF-jB can be activated through different mechanisms (Sen & Smale 2010 ), yet all of them lead to freeing the NF-jB from its inactive complex, translocation to the nucleus and binding to the promoter and enhancer regions of regulated genes. The major mechanism, the 'classical' or 'canonical' pathway, typically involves activation of the p50/RelA heterodimer which is determined by IKKb-catalyzed phosphorylation and subsequent proteolysis of inhibitory protein IjBa. This classical NF-jB pathway is primarily activated by pro-inflammatory stimulation, among other by the TNF-a cytokine. The alternative ('noncanonical') pathway involves the IKKa-mediated phosphorylation and processing of p100, leading to induction of p52-containing NF-jB complexes (Nishikori 2005; Sun 2011) . A number of 'atypical' pathways have also been described (Wu & Miyamoto 2007; Kriete & Mayo 2009 ) including IKK independent, UV inducible mechanisms of NF-jB activation (Li & Karin 1998; Kato et al. 2003) .
Ultraviolet (UV) radiation is an environmental carcinogen with well-documented genotoxic and mutagenic activity (International Agency for Research on Cancer 1992). The short-wave UV radiation in the range below 280 nm, called UV-C, induces different types of DNA damage (including cyclobutane dimers and 6-4 photoproducts) that are initial steps in UVinduced carcinogenesis (Rastogi et al. 2010) . Occurrence of UV-induced DNA damage activates the mechanisms of DNA repair and several other pathways maintaining genetic stability, some of them depending on p53 transcription factor (Latonen & Laiho 2005) . In addition to direct damage to DNA and other macromolecules, exposure to UV-C results in the generation of reactive oxygen species (ROS). ROS are capable of causing oxidative damage to different biomolecules, which include lipid peroxidation, oxidation of amino acids (especially cysteine), formation of protein-protein cross-links and oxidative DNA damage (Kehrer 1993; Martindale & Holbrook 2002) . Moreover, due to modification of protein kinases and phosphatases (e.g., via the highly reactive cysteine residues), ROS may affect different signaling pathways (Spadaroa et al. 2010) . Hence, ROS induced by the oxidative stress disrupts normal cellular redox homeostasis and signal transduction through multiple reversible and irreversible modifications of the redoxsensitive target molecules. Consequently, organisms evolved several mechanisms of defense against oxidative stress, which mainly involve induction of ROSmetabolizing enzymes such as catalases, glutathione peroxidases, superoxide dismutases (SODs), as well as activation of a set of pathways known as the unfolded protein response (UPR) (Fulda et al. 2010) . Nevertheless, a variety of cellular signaling pathways are activated in cells exposed to ROS, including pathways regulated by MAPKs (ERK, JNK and p38) and stressrelated transcription factors NRF2, p53 or AP-1 (Valko et al. 2006) . It is worth noting that high doses of ROS are generated during inflammation, and hence, NF-jB transcription factor is activated in such conditions, and the NF-jB pathways are involved in response to oxidative stress. Products of several NF-jB target genes (e.g., SOD1, SOD2 or GPX1) attenuate the ROS level and contribute to cell survival, whereas others (e.g., NOX2, COX2) may promote the ROS production, especially in the immune cells. In contrast, there are several reports indicating the role of ROS in mediating of NF-jB activation in different types of cells (Li & Karin 1999; Morgan et al. 2008; Morgan & Liu 2011; Nakajima & Kitamura 2013) . It is noteworthy that TNF-a-mediated generation of ROS was reported to be indispensable of the classical mechanism of NF-jB activation (Jamaluddin et al. 2007) .
Regulation of the NF-jB pathways is context-sensitive and depends on other signaling pathways coactivated in the cell. NF-jB participates in a complex gene transcription network, and its activity is affected by other stress-related transcription factors such as p53, AP-1, NRF2 or HSF1 (Liu et al. 2008a,b; Stice & Knowlton 2008; Chaturvedi et al. 2011; Gudkov et al. 2011; Oeckinghaus et al. 2011; Hoesel & Schmid 2013) . Moreover, interference between TNF-aactivated NF-jB and other stress-triggered pathways, including response to DNA damage, depends on the specific temporal context (Nakajima & Kitamura 2013; Janus et al. 2015) . TNF-a-mediated pre-activation of NF-jB may protect cells against UV-induced apoptosis (Szołtysek et al. 2008) . It is also well known that UV irradiation can lead to activation of the NF-jB pathways, and some UV-responsive genes are regulated by NF-jB (Cooper & Bowden 2007) . Moreover, exposure to UV induces inflammation but could also lead to immunosuppression (Clydesdale et al. 2001) . However, less is known about mechanism of the UV-induced effects on the classical NF-jB pathway activated by cytokines.
In this work, we aim to characterize the influence of UV-C irradiation on TNF-a-induced activity of the NF-jB pathway. Possible cross talk between the NF-jB pathway and the UV-induced p53 pathway was considered, and hence, experiments were carried out in both p53-proficient and p53-deficient cells. The obtained results showed the inhibitory effect of UV pre-treatment on TNF-a-mediated activation of NF-jB and suggested an important role for the mechanisms activated by the UV-induced ROS.
Results
Pre-exposure to UV-C suppresses TNF-a-induced expression of NF-jB-dependent genes
We suggest that pre-treatment with UV-C radiation affected activation of NF-jB-dependent genes in cells stimulated with TNF-a cytokine, and we tested this possibility in two variants of human colon carcinoma HCT116 cell line: p53-proficient ('wild-type' cells) and p53-deficient (cells with homozygous deletion of TP53 gene). To assess the time dependence of the potential interplay between UV treatment and TNF-a stimulation, cells were stimulated with TNF-a (30 min) at 1, 3, 6, 9 or 12 h after exposure to UV-C, and then, expression of selected genes was analyzed 1 h after the end of TNF-a stimulation (timing which corresponded to the so-called early NF-jB response (Tian et al. 2005) ). Figure 1A shows the time dependence of UV-related changes in the TNFa-activated level of transcripts of IL8 gene, the classical TNF-a-induced NF-jB-dependent gene. Expression level of IL8 in the cells that were either stimulated with TNF-a alone or treated with UV at 1 h before TNF-a stimulation was comparable. However, when cells were stimulated with TNF-a at 3 or 6 h after UV irradiation expression of IL8 was significantly inhibited (down to 20%-30% of the level observed in cells treated with the TNF-a only). However, no significant changes induced by TNF-a and/or UV treatment were observed in the 18S rRNA housekeeping gene. It is noteworthy that a similar inhibitory effect was observed 3 and 6 h after UV irradiation in both p53-proficient and p53-deficient cells; nevertheless, when TNF-a stimulation started 9 or 12 h after irradiation, the suppression of TNF-dependent activation of IL8 was observed only in p53-deficient cells. To strengthen this initial observation, a larger set of NF-jB-dependent genes was analyzed in cells treated with UV 6 h before stimulation with TNF-a, including genes encoding the proinflammatory factor (IL8), NF-jB subunits (NFKB1, REL, RELA) and NF-jB negative regulators (NFKBIA, TNFAIP3, BCL3). Two housekeeping genes (GAPDH and 18S rRNA) were also included as controls. The analysis was carried out using RNA purified from isolated nuclei to exclude the possible interference of transcripts that accumulated earlier in the cytoplasm (i.e., to monitor the current transcript level). Figure 1B shows that the expression of all tested NF-jB-dependent genes was induced by TNF-a stimulation. In one subset of genes (including IL8, NFKB1, REL, TNFAIP3), the extent of upregulation was higher in the p53-deficient cells, whereas in another subset of genes (including NFKBIA, RELA), up-regulation was higher in the p53-proficient cells. However, treatment with UV generally resulted in a significant suppression of TNF-a-mediated induction of the NF-jB-dependent genes. The only exceptions were detected in p53-deficient cells where TNF-a-induced expression of RELA and TNFAIP3 genes was not suppressed by UV treatment. In a marked contrast to the NF-jBdependent genes, treatment with UV did not suppress expression of the GAPDH and 18S rRNA housekeeping genes when compared to cells stimulated with the TNF-a only (yet a decreased level of these genes' expression was observed in all treatments, compared to untreated controls). We concluded that treatment with UV-C for a few hours (6 h in our model) before TNF-a stimulation resulted in a general suppression of the TNF-a-induced expression of the NF-jB-dependent genes. Furthermore, we validated this finding using two additional human cell lines: U2-OS osteosarcoma and HeLa cervical carcinoma. In all three cell lines (HCT116, U2-OS and HeLa), a similar degree of the UV-mediated inhibition of TNF-a-activated transcription of IL8 gene was observed (Fig. 1C) , which indicated common occurrence of this phenomenon.
Pre-exposure to UV-C inhibits TNF-a-mediated activation of NF-jB signaling
Knowing that the treatment with UV suppresses the TNF-a-activated expression of NF-jB-dependent genes, we assessed directly whether pre-treatment with UV radiation affected activation of the NF-jB transcription factor. To monitor activation of NF-jB the level of its inhibitor-IjBa, was analyzed by Western blot and the level of active DNA-binding NF-jB form was analyzed in nuclear extracts by the electrophoretic mobility shift assay. We found that by the end of a 15-min TNF-a stimulation of HCT116, cells with intact IjBa were barely detected in whole cell lysates, independent of the p53 status. In a marked contrast, the IjBa inhibitor was clearly detected in TNF-a-stimulated cells treated with UV at 6 h before TNF-a treatment, in both p53-proficient and p53-deficient line ( Fig. 2A) . Consistently, phosphorylation of IjBa at serine 32, which is required for its proteolytic degradation (Traenckner et al. 1995) , was clearly detected in both p53-proficient and p53-deficient HCT116 cells stimulated with TNF-a. In a marked contrast, IjBa phosphorylation was not observed in cells stimulated with TNF-a at 6 h after UV irradiation (Fig. 2B ). Similar UV-mediated suppression of TNF-a-induced phosphorylation of IjBa was observed in HCT116, U2-OS and HeLa cells (Fig. 2C ). Phosphorylation and proteolytic degradation of IjBa is followed by nuclear translocation of the active NF-jB. Accordingly, the nuclear DNAbinding forms of NF-jB were detected up to 30 min after the end of stimulation of HCT116 cells with TNF-a. Similar levels of nuclear NF-jB forms were detected in the cells stimulated with TNF-a only and in the cells stimulated with TNF-a 1 h after the UV irradiation. In a marked contrast, exposure to UV 6 h before the TNF-a stimulation resulted in a significantly decreased level of the nuclear NF-jB forms. Radioactivity of specific DNA/NF-jB complexes was at least 10-fold lower when compared to the corresponding complexes in samples of cells treated with TNF-a only. No difference was detected between the p53-proficient and p53-deficient cells ( Fig. S1 in Supporting Information). We concluded that pre-treatment with UV-C inhibited phosphorylation and subsequent degradation of IjBa protein in cells stimulated with TNF-a, which in turn impaired the nuclear translocation of NF-jB and caused the general suppression of TNF-a-induced NF-jB-dependent genes. It is noteworthy that UV-mediated inhibition of the NF-jB pathway existed in both the p53-proficient and p53-deficient cells.
Treatment with UV-C activates signaling pathways dependent on p53, JNK/AP-1, NRF2 and NF-jB, as well as on ROS generation
To identify the UV-mediated mechanisms potentially involved in the observed inhibition of TNF-a-activated NF-jB, different stress-related pathways were analyzed in the p53-proficient HCT116 cells irradiated with UV-C. As expected, we found that UV radiation induced activation of the p53-dependent signaling, which was proven by a massive accumulation of both total p53 protein and its active serine 15 phosphorylated form that started 3 h after the irradiation (Fig. 3A) . JNK/AP-1-dependent pathway is another signaling mechanism known to be activated in the cells exposed to UV and potentially interfering with the NF-jB pathway (Cooper & Bowden 2007) . Hence, we analyzed transcription of the JUN gene encoding the AP-1 subunit c-Jun and found that it was massively expressed in the cells irradiated with UV-C (Fig. 3B) . Another pathway potentially activated in the UV-irradiated cells is the atypical NF-jB Figure 2 Influence of UV-C treatment on TNF-a-induced activation of the NF-jB pathway. Levels of total IjBa protein (panel A) and its serine 32 phosphorylated form (panel B) were analyzed in the whole cell lysates from HCT116 cells stimulated with cytokine alone (TNF) or cells irradiated 6 h before the cytokine stimulation (UV 6 /TNF); both p53-proficient (+/+) and p53-deficient (À/À) cells were analyzed by the Western blot. Changes in the levels of IjBa protein were analyzed at different time points after the end of 15 min pulse TNF-a stimulation. Panel C-Levels of total IjBa protein and its serine 32 phosphorylated form were compared in whole cell lysates from HCT116 (p53 proficient), U2-OS and Hela cells, either untreated (Ctr) or directly after the end of stimulation with cytokine alone (TNF) or cytokine stimulation preceded by irradiation (UV 6 /TNF); b-actin was used as a loading control in each case (representative blots are shown). Figure 1 Influence of the UV-C pre-treatment on TNF-a-induced expression of the NF-jB-dependent genes. Panel A-Total levels of IL8 and 18S rRNA transcripts analyzed by QRT-PCR in the p53-proficient (+/+) and p53-deficient (À/À) HCT116 cells stimulated with TNF-a cytokine at 1, 3, 6, 9 or 12 h after UV irradiation; presented are relative expression levels in comparison with a stimulation with TNF-a only (shown are mean values of three independent experiments with three technical replicates each). Panel B-Levels of nuclear transcripts analyzed in the cells stimulated with TNF-a alone (TNF) or at 6 h after UV treatment (UV 6 /TNF) or after UV irradiation only (UV 6 ), in both p53-proficient (black bars) and p53-deficient (gray bars) HCT116 variants; presented are the relative expression levels in comparison with the control untreated cells (asterisks represent statistical significance of the differences between TNF and UV/TNF samples). Panel C-Levels of the IL8 transcripts compared in the HCT116 (p53 proficient), U2-OS and HeLa cells stimulated with the TNF-a cytokine alone (TNF) or 6 h after UV irradiation (UV 6 /TNF); presented are the relative expression levels in relation to the control unstimulated cells (shown are mean values of three experiments).
pathway itself (Cooper & Bowden 2007; Tsuchiya et al. 2010) . Hence, we analyzed the level of the active RelA/p65 form phosphorylated at serine 536 and noted its accumulation 30 min after UV irradiation (Fig. 3C) . Moreover, 3 and 6 h after treatment with UV-C, an increased level of IL8 gene transcripts was observed (Fig. 3D) . However, UV-induced activation of this gene was markedly weaker compared to its TNF-a-induced activation. Among the key stress-induced pathways, there is the so-called heat shock response (HSR), which depends on the activation and accumulation of the heat shock proteins (HSPs) in proteotoxic conditions. There were several reports that the heat shock-induced HSR resulted in the suppression of the TNF-a-activated NF-jB pathway (Knowlton 2006; Janus et al. 2011 Janus et al. , 2015 . Thus, we assessed whether HSR was induced in the HCT116 cells irradiated with UV-C. However, we found no UV-induced accumulation of three major stress-inducible HSPs: HSPA1, HSPH1 and HSPB1. Such accumulation might serve as a good indicator of the HSR activation, and therefore, this latter mechanism was unlikely to be involved in the UV-induced suppression of the NF-jB pathway (Fig. 3E) .
Reactive oxygen species are among the factors that potentially activate signaling pathways that depend on p53, JNK/AP-1 and NF-jB, and that are involved in the protection of cells against ROSrelated damage (Liu et al. 2008a,b; Ray et al. 2012; Vurusanera et al. 2012) . Hence, we suggested that ROS were induced in the cells irradiated with UV-C. In fact, we found that directly after the UV irradiation, the level of O ÁÀ 2 superoxide significantly increased in the HCT116 cells. Moreover, pretreatment of cells with commonly known antioxidant N-acetyl cysteine (NAC) before the UV irradiation significantly reduced the level of superoxide detected after the irradiation ( Fig. 4A ; similar observations were made for the total ROS levels, not shown). NRF2 transcription factor is the master regulator of the cellular defense against the oxidative stress (Nguyen et al. 2009 ). We observed a massive accumulation of the active NRF2 forms phosphorylated at serine 40 15 and 30 min after the treatment of the HCT116 cells with UV-C. Moreover, pre-treatment of the cells with NAC antioxidant resulted in a delayed and reduced phosphorylation of NRF2 (Fig. 4B) . A group of primary antioxidant enzymes involved in cell protection against the oxidative stress involves the superoxide dismutases (MnSOD and Cu/ZnSOD), which are transcriptionally regulated by the NF-jB and AP-1 factors (Rojo et al. 2004) . We found that expression of the SOD2 gene (encoding for MnSOD) was activated in the HCT116 cells (p53 proficient) 6 h after irradiation with UV-C, yet pre-treatment with NAC abolished the UV-induction (Fig. 4C) . Similarly, the treatment with UV-C induced activation of the HMOX1 gene, which is a NRF2 target encoding the heme oxygenase 1 (Reichard et al. 2007) , observed 6 h after irradiation (pre-treatment with NAC eliminated such induction; Fig. 4C ). Moreover, expression of COX2 encoding the cytochrome c oxidase II, which is a marker for oxidative stress, was observed 1 h after the treatment with UV-C (reduced expression was observed in the cells pre-treated with NAC; Fig. 4C ). We concluded that irradiation of the HCT116 cells with UV-C induced the production of ROS and activated several signaling pathways involved in the response to oxidative stress (including the NRF2, p53, JNK/AP-1 and NF-jBdependent pathways). 
Activation of NF-jB by TNF-a is affected by reactive oxygen species induced by UV-C
Earlier on, we documented the induction of ROS in the cells exposed to UV-C (Fig. 4A) , which was followed by the activation of mechanisms that protect cells against oxidative stress (Fig. 4B,C) . In contrast, it was shown that the generation of ROS was involved in the activation of NF-jB pathway in a TNF-adependent way (Jamaluddin et al. 2007 and ref. therein; Morgan & Liu 2011 and ref. therein) . It is possible to hypothesize that antioxidant ROS-removing enzymes/mechanisms activated by the UV treatment might reduce the amount of ROS induced by a subsequent TNF-a treatment, hence influencing the regulation of the NF-jB pathway. To verify this possibility, we examined whether the treatment with UV affected the level of ROS induced later by TNF-a. First, we found that treatment of HCT116 cells with TNF-a indeed resulted in a significantly increased production of the superoxide that was detected directly after the TNF-a stimulation. Furthermore, if cells stimulated with TNF-a were earlier treated with UV-C (6 h before TNF-a treatment), the TNF-ainduced accumulation of superoxide was barely detected (Fig. 5A) . Hence, the mechanisms induced by the UV treatment apparently affected the accumulation of ROS in the cells subsequently stimulated with TNF-a. Considering the potential role of UVinduced ROS in the UV-mediated suppression of TNF-a-activated NF-jB, we aimed to check whether removal of UV-induced ROS affected the subsequent suppression of NF-jB. In this variant of the experiment, cells were irradiated with UV in the presence or absence of NAC antioxidant (20 mM; 30 min pretreatment), which was followed by stimulation of cells with TNF-a (6 h after the UV irradiation). To monitor the activation of NF-jB, the level of total and phosphorylated (serine 32) IjBa protein was analyzed directly after the end of TNF-a stimulation. We found that in both HCT116 (p53-proficient) and U2-OS cells, the apparent scavenging of the UV-induced ROS by NAC protected against the UV-mediated inhibition of NF-jB: The level of the phosphorylated IjBa was similar in the cells stimulated with TNF-a only and in the cells where pre-treatment with UV was carried out in the presence of antioxidant (Fig. 5B) . Moreover, we found that pre-treatment with NAC protected against the UV-mediated suppression of the TNF-a-induced transcription of the IL8 gene in U2-OS cells (Fig. 5C) . However, such protection of IL8 gene expression was not observed in the HCT116 cells, which indicated a context dependence and cell type specificity of this downstream event; expression of this gene was apparently affected by multiple factors modified in such complex experimental model. To finally verify the role of ROS induced a few hours before that TNF-a stimulation, we checked whether pre-treatment with hydrogen peroxide (H 2 O 2 ) affected the subsequent activation of NFjB by TNF-a in our experimental model. We found that TNF-a stimulation failed to induce phosphorylation of the IjBa protein when performed 6 h after exposure to H 2 O 2 (Fig. 5D) . We concluded that generation of ROS a few hours before stimulation of cells with TNF-a inhibited the TNF-a-induced activation of NF-jB, and that the observed phenomenon putatively involved a mechanisms that affected the level of TNF-a-induced ROS.
Discussion
Current work documents the time-dependent inhibition of TNF-a-induced activation of the classical NF-jB pathway (Fig. 2) and the resulting suppression of typical NF-jB-regulated genes (Fig. 1) in cells previously exposed to UV-C radiation. UV-C treatment caused a transient accumulation of ROS (Fig. 4A ) and activated several stress-response mechanisms such as NRF2-, p53-, AP-1-and NF-jBdependent pathways (Figs 3 and 4) . These UVinduced events lead to an apparent activation of the cellular mechanisms protecting against the oxidative stress, such as the expression of superoxide dismutase MnSOD and heme oxygenase 1 (Fig. 4C) . It is noteworthy that the maximum of the UV-induced expression of the SOD2 and HMOX1 genes correlated with the maximum extent of the UV-mediated suppression of the TNF-a-activated NF-jB pathway. Moreover, if generation of the UV-induced ROS was suppressed by antioxidants, a subsequent UVmediated inhibition of the TNF-a-activated NF-jB was not observed (Fig. 5B) , which indicated a role of the UV-induced ROS in the mechanism of the NFjB pathway's suppression. It was previously documented that generation of ROS mediated by TNF-a stimulation was required for activation of the NF-jB pathway (Jamaluddin et al. 2007; Morgan & Liu 2011; Nakajima & Kitamura 2013) . Here, we showed that pre-treatment with UV resulted in a reduced level of the TNF-a-induced ROS (Fig. 5A) . Based on the above data, we propose a model for explanation of the mechanism of UV-mediated inhibition of the TNF-a-activated NF-jB pathway (schematically depicted in Fig. 6 ). We assume that irradiation with UV-C generates ROS, which serve as signaling molecules through modification of the intracellular redox status. As a consequence, multiple stress-induced pathways are activated, including NRF2-, p53-, AP-1-and NF-jB-dependent pathways, which enable a response protecting cells against the oxidative stress. The UVinduced activation of antioxidant enzymes reduces the level of ROS induced in the cells by a subsequent stimulation with TNF-a, which negatively modulates the activation of the NF-jB pathway by TNF-a.
It is well documented that the activity of NF-jB is modulated by ROS and multiple factors inducing Figure 5 Influence of ROS and antioxidant pre-treatment on UV-mediated inhibition of TNF-a-activated NF-jB. Panel AThe level of superoxide assessed in HCT116 cells directly after TNF-a stimulation that was carried out either alone (TNF) or 6 h after UV treatment (UV 6 /TNF) or 6 h after irradiation alone (UV 6 ). Panel B-Levels of total IjBa protein and its serine 32 phosphorylated form were compared in whole cell lysates from HCT116 (p53 proficient) and U2-OS cells stimulated with TNF-a alone (TNF) or stimulated with TNF-a 6 h after UV pre-treatment (UV 6 /TNF) or irradiated at corresponding time point only (UV 6 )-cell were irradiated in the presence or in the absence of NAC antioxidant; b-actin was used as a loading control in each case (representative blots are shown). Panel C-Expression of IL8 gene analyzed in HCT116 (p53 proficient) and U2-OS cells stimulated with TNF-a alone (TNF), stimulated with TNF-a 6 h after UV irradiation (UV 6 /TNF) or stimulated with TNF-a 6 h after UV irradiation preceded by the NAC pre-treatment (NAC/UV 6 /TNF); shown are relative transcript levels against control untreated cells. Panel D-The level of IjBa phosphoprotein in HCT116 cells (p53 proficient) stimulated with TNF-a alone (TNF) or stimulated with TNF-a 6 h after pre-treatment with H 2 O 2 (H 2 O 2 /TNF) (analysis was carried out directly after the end of stimulation). oxidative stress. In certain experimental systems, exposure to H 2 O 2 may activate NF-jB, an effect which is prevented by the chemical antioxidants or over-expression of antioxidant enzymes (Li & Karin 1999 and ref. therein; Kretz-Remy et al. 1996; Nakajima & Kitamura 2013 and ref. therein) . It is noteworthy that generation of ROS occurs in response to TNF-a, which is indispensable of the TNF-ainduced activation of NF-jB, and that the relevant mechanism involves NF-jB phosphorylation by ROS-dependent PKAc pathway (Jamaluddin et al. 2007) . Potential mechanism of TNF-a receptormediated generation of ROS involves binding of NADPH oxidase's activators via the RIP1 and TRADD adaptor molecules (Morgan et al. 2008 ). However, ROS may regulate the NF-jB pathway bidirectionally, either positively or negatively, in a cell type-, phase-and stimulus-dependent fashion. It was shown that co-exposure or postexposure to sources of ROS may reinforce or extend the TNFa-mediated activation of NF-jB (Kamata et al. 2002; Enesa et al. 2008) . In contrast, an extended exposure to the oxidative stress may inhibit basal activity of NF-jB. Moreover, an extended pre-exposure of cells to H 2 O 2 may inhibit activation of NF-jB by the TNF-a cytokine (Korn et al. 2001; Loukili et al. 2010; Nakajima & Kitamura 2013) . Here, we documented a similar phenomenon of NF-jB inhibition mediated by ROS induced by UV-C. ROS-induced activation of the NF-jB pathway may involve phosphorylation of IKKb (via PKD activated by Src and Abl), phosphorylation of RelA (via PKAc), activation of NIK and NIK-mediated phosphorylation of IKKa, phosphorylation of IjBa (also mediated by Src) and dimerization of NEMO. However, inhibition of the NF-jB pathway by an extended exposure to ROS may involve inhibition of IKK by oxidation, S-glutathionylation of IKK, IjB or NF-jB, activation of A20/TNFAIP3, activation of hem oxygenase 1, deregulation of Akt, deregulation of ubiquitin/proteasome pathway and multiple mechanisms related to the unfolded protein response (Nakajima & Kitamura 2013 and ref. therein) . Here, we propose an additional mechanism of the ROS-mediated inhibition of the TNF-a-activated NF-jB: Defense mechanisms activated by oxidative stress may prevent formation of the TNF-a-induced ROS, which in turn impairs the activation of NF-jB. This mechanism seems to be relevant at least in the case of ROS transiently generated by a pulse irradiation with UV-C, and at the same time, it illustrates the plethora of possible mechanisms of cross talk between oxidative stress and the NF-jB pathway.
Essential mechanisms induced in the cells exposed to UV radiation and/or oxidative stress include pathways depending on p53 that, among other, regulate expression of numerous genes involved in the cell cycle arrest, DNA repair, cell death and other stressrelated mechanisms (Jackson & Bartek 2009; Kruiswijk et al. 2015) . The cross talk between p53-and NF-jB-dependent pathways was documented in a variety of experimental models (Tergaonkar & Perkins 2007; Gudkov et al. 2011) . NF-jB may positively and negatively affect the p53 activity through induction of TP53 expression (Wu & Lozano 1994) and up-regulation of the HDM2 level, which is a p53-negative regulator (Tergaonkar et al. 2002) . In contrast, it was shown that p53 may induce phosphorylation of RelA and its transport to the nucleus (Bohuslav et al. 2004) . Moreover, both p53 and NFjB compete for binding with the p300/CBP complex, which is a transcription co-activator essential for the expression of genes activated by both factors. This is the reason why binding of the active p53 to p300/ CBP may result in a loss of NF-jB-dependent activity (Ravi et al. 1998 ). TNF-a-mediated activation of Figure 6 Hypothetical model of the interplay between UV radiation and the TNF-a-activated NF-jB pathway. Irradiation with UV-C induces generation of ROS that results in activation of several response pathways, which in turn activate defense mechanisms that protect against oxidative stress. Antioxidant mechanisms induced by UV irradiation impair the production of ROS mediated by the subsequent TNF-a treatment that are involved in the activation of NF-jB, hence affecting the cytokine-stimulated NF-jB pathway.
Genes to Cells (2017) 22, 45-58 NF-jB accomplished before cells irradiation may protect against the p53-dependent UV-induced apoptosis (Szołtysek et al. 2008) . However, p53 can negatively regulate inflammation (Gudkov et al. 2011) , which was reflected also in the current work where a stronger expression of the TNF-a-activated inflammation-related genes (e.g., IL8, NFKB1, REL and TNFAIP3) was observed in the p53-deficient cells. Furthermore, decreased levels of p53-regulated protein phosphatases, such as PTEN, in cells depleted of p53 may result in an enhanced activation of AP-1 and NF-jB in response to irradiation (Wang et al. 2005) . Considering the possibility that a hypothetical influence of UV pre-treatment on the TNF-a-activated NF-jB depended on the UV-activated p53, we carried out a set of experiments involving the p53-proficient and p53-deficient cells. It is noteworthy that pre-treatment with UV-C inhibited the TNF-a-mediated activation of the NF-jB pathway in both p53-proficient and p53-deficient cells (Figs 1  and 2 ). This observation indicated that a hypothetical mechanism of the UV-induced inhibition of the TNF-a-activated NF-jB was either p53-independent or that p53 could be replaced by other UV-induced mechanisms. Nevertheless, several stress-response pathways induced in the cells exposed to the UV-C radiation may play a role in the proposed ROSmediated mechanisms involved in the suppression of the TNF-a-activated NF-jB. This included NRF2, JNK/AP-1 and NF-jB itself. It is important to note that transcriptional networks regulated by these factors interfere with each other and are partially redundant. Moreover, all of them affect the mechanisms involved in the regulation of NF-jB. Hence, simple manipulation of their activity (either in isolation or in combination) might challenge the functioning of the NF-jB pathway, which may make straightforward interpretation of the experimental model more difficult.
Experimental procedures

Experimental model
The human colon carcinoma HCT116 cell line (ATCC, CCL-247) was used as the primary experimental model (p53-proficient). Moreover, p53-deficient HCT116 cells with homozygous deletion of TP53 gene (p53 À/À ) (see Fig. S2 
Cell treatment
Treatment started 48 h after cell inoculation; all steps, with the exception of irradiation, were carried out at 37°C and 5% CO 2 . Cells were incubated with TNF-a cytokine (10 ng/mL; Sigma-Aldrich) for either 15 or 30 min in experiments carried out to analyze the kinetics of NF-jB activation or gene expression, respectively, and then, the TNF-a-containing medium was replaced with a normal one. Cells were irradiated with a single 20 J/m 2 dose of UV-C (254 nm) using UVStratalinker 2400 (Stratagene); medium was replaced with PBS for the moment of irradiation. Irradiation was carried out 1, 3, 6, 9 or 12 h before TNF-a stimulation. Alternatively, cells were treated with H 2 O 2 (250 lM; 1 h) alone or 6 h before TNF-a stimulation; treatment with H 2 O 2 was carried out in McCoy's medium depleted of serum, antibiotics and sodium pyruvate. In some experiments, cells were treated with N-acetyl-L-cysteine (NAC; 20 mM; 30 min pre-treatment) in the medium supplemented with serum. After incubation with H 2 O 2 or NAC, the medium was replaced with a normal one before further experimental steps.
Western blots
Cells were lysed in RIPA buffer (1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS) supplemented with a protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktail 2 (Sigma-Aldrich). Protein concentrations were determined using Bradford assay (Bio-Rad), and then, equal amounts of whole cell lysates (25 lg of proteins) were electrophoretically separated using 10% SDS-PAGE and electrotransfered onto a nitrocellulose membrane (Millipore). The membranes were blocked with 5% nonfat milk in Tris-buffered saline and then incubated overnight at 4°C with antibodies specific for IjBa (C-15; Santa Cruz), Ser-32 phosphorylated IjBa (Cell Signaling), Ser-536 phosphorylated RelA (Cell Signaling), p53 (DO-1; Santa Cruz), Ser-15 phosphorylated p53 (Cell Signaling), Ser-40 phosphorylated NRF2 (Abcam), HSPH1 (BioVision), HSPA1 (C92F3A-5; Enzo Life Sciences), HSPB1 (Novocastra) or actin (Cell Signaling). Proteins were visualized after incubation with a peroxidase-conjugated secondary antibody using the enhanced chemoluminescence kit (Pierce) according to the manufacturer's instructions.
Gene expression analyses
RNA was purified from the whole cells (total RNA) or isolated nuclei (nuclear RNA) using RNA Total Mini Kit (A&A Biotechnology), and then, RNA was incubated with DNase I and re-purified by phenol/chloroform extraction and ethanol precipitation. To isolate nuclei, cells were lysed for 10 min. in an ice-cold buffer consisting of 20 mM Tris pH 7.6, 10 mM KCl, 2 mM MgCl 2 , 1 mM DTT, 0.5 mM EGTA, 0.5% NP40, 2.5% glycerol and Complete TM (Roche) protease inhibitor cocktail, and then centrifuged at 400 g for 10 min; the resulting pellet (nuclei) was washed twice with PBS by centrifugation. cDNA synthesis was carried out with random hexamer primers using the RevertAid First Strand cDNA Synthesis Kit (Fermentas); amounts corresponding to 50 ng of RNA were used as templates. The levels of transcripts of selected NF-jBdependent genes were quantified by qRT-PCR (CFX-96; Bio-Rad) with an application of SYBR Green dye. All reactions were carried out in triplicate, and expression levels were normalized according to the 18S_RNA and GAPDH housekeeping genes. Sequences of used primers are presented in Table S1 (Supporting Information).
Quantification of reactive oxygen species
Levels of ROS, both total and O ÁÀ 2 superoxide, were analyzed using the Total ROS/Superoxide Detection Kit (Enzo Life Sciences) and visualized using a fluorescence microplate reader (BioTek) at standard filter settings for fluorescein (Ex = 488 nm, Em = 520 nm) and rhodamine (Ex = 550 nm, Em = 610 nm). Cells were cultured for 24 h in 96-well plates (at a density of 10 000 cells per well) before TNF-a and/or UV-C treatment and then stained and analyzed in the dark at 37°C according to the manufacturers' instructions. Cells treated with pyocyanin or NAC were used as positive and negative controls, respectively.
Statistical analyses
All measurements were taken in at least three replicates; graphs represent mean values (AE S.D.). Significance of differences between the groups was determined using the Student's t-test; calculations were made using the STATISTICA (Version 10) software. Difference was considered significant at the level P < 0.01 for gene expression analyses and P < 0.05 for ROS quantification. Significance of differences corresponded to P < 0.01 and P < 0.05 or P < 0.001 and P < 0.005 was marked by one or two asterisks, respectively, in the presented graphs.
